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SUMMARY 

A model-based technique for predicting pilot opinion ratings 
is described. Features of this procedure, which is based on the 
optimal-control model for pilot/vehicle systems, 
include (1) capability to treat lVunconventionalV1 aircraft 
dynamics, (2) a relatively free-.form pilot model, (3) a simple 
scalar metric for attentional workload, and (4) a straightforward 
manner of proceeding from descriptions of the flight task 
environment and requirements to a prediction of pilot opinion 
rating. The method was able to provide a good match to a set of 
pilot opinion ratings obtained in a manned simulation study of 
large commercial aircraft in landing approach. 



1. INTRODUCTION 

Manufacturers of commercial aircraft require more general and 

more reliable methods of predicting aircraft handling qualities 

than currently exist. Existing criteria have been developed 

primarily for military aircraft and have been validated largely 

for high-performance aircraft such as fighters. At present, 
reliable techniques for extending existing criteria to large 
commercial transports are not available. 

This report presents the results of a study performed by Bolt 
Beranek and Newman Inc. (BBN), with the aid of Douglas Aircraft 
Company (Douglas), to develop and test a model-based technique for 
predicting the influence of aircraft response parameters and other 

relevant factors on pilot opinion ratings. While the procedure is 
intended to have general application, the focus in this report is 

on large transports. Frequent reference is made to a manned 
simulation study performed by Douglas in 1975.' To facilitate 

discussion, the analytic study that is the subject of this report 
will be referred to as the "BBN study", whereas the preceding 
simulation program will be referred to as the "Douglas study". 

1.1 Vehicle-Centered Handling Qualities Criteria 

The determination of quantitative requirements for handling 
qualities is a complex task. Handling characteristics must be 

specified in the operational, service, and permissible flight 

envelopes. Situations that can only be described in a statistical 

sense (e.g., failures, turbulence) must also be considered. The 
task is especially difficult, because objective requirements must 
be determined that correlate well with subjective pilot 
assessments. 

* This effort included a subcontract to Douglas Aircraft Company 
to provide a data base extracted from the 1975 Douglas simulation 

study and to provide other consulting services. Mr. William W. 
Rickard was project engineer for the Douglas effort. 
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Open-loop vehicle behavior can be determined in a relatively 
straightforward manner from in-flight tests. For this reason, 
handling qualities specifications are based almost exclusively on 
open-loop vehicle response characteristics Cl 1. Criteria are 
specified for both transient response and frequency response 
characteristics. 

Predictions of handling qualities based on frequency-domain 
characteristics are generally obtained from the denominator 
characteristics of the linearized vehicle equations of motion. 
Natural frequencies and damping ratios of dominant pole-pairs, 
time constants of real poles, and, in some cases, numerator time 
constants, are first estimated. These values are then checked 
against tables and charts which purport to show the relationship 
between handling quality lllevelslV and parameter values considered 
in combination as well as singly. 

If handling qualities requirements are based on vehicle 
denominator characteristics alone, the aircraft manufacturer can 
evaluate the performance of his aircraft in this regard through a 
series of relatively straightforward in-flight tests. He need not 
be concerned with the interaction between the vehicle and the 
pilot, which, of course, will vary from one test pilot to the 
next. The ease with which compliance can be tested, plus the 
existence of a substantial body of relevant handling qualities 
data, provide a strong motivation to relate handling qualities to 
open-loop frequency-response characteristics. 

Nevertheless, despite its relative convenience, this 
procedure has some very serious limitations: 

a. the procedure. is lacking in generality, since it 
requires that an extensive set of tables and charts be 
available. The data obtained in these charts are 
applicable only to vehicle dynamics that closely 
resemble the type of aircraft used in constructing the 
data base. Accordingly, techniques based on 
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frequency-domain analysis of open-loop vehicle response 
cannot be applied with confidence to systems where new 

force producers and stability augmentation systems may 
significantly modify the effective vehicle dynamics. 

b. In general, the numerator characteristics of the vehicle 
transfer functions are given considerably less attention 

than the denominator characteristics. Nevertheless,, 
numerator characteristics may have an important 
influence on handling qualities. 

The open-loop response of the vehicle to a step control input 

is often used to assess vehicle handling qualities. One 
particular response pattern that is the so-called C* response, 

which is a combination of normal acceleration, pitch rate, and 

pitch acceleration responses to a step input of stick force. 
Boundaries on this response waveform are associated with a pilot 
rating of 3.5. That is, if the response of the actual or 

simulated vehicle exceeds this envelope at any point, the vehicle 

should be rated as less than “satisfactory” on the Cooper rating 

scale. 

This technique is somewhat more general than the 
frequency-domain procedure discussed above in that the effects of 

zeros as well as poles in the vehicle transfer function are 

considered. Nevertheless, the generality of this method is 
somewhat in doubt, since unreliable predictions have been reported 

in studies of “non-standard” vehicle dynamics [2l. Furthermore, 

the C* analysis procedure yields a binary result - the predicted 

Cooper rating is either higher or lower than 3.5. Consequently, 
this scheme does not allow one to estimate the extent of the 
degradation in handling qualities when the vehicle response is 

outside the prescribed envelope for only a short time. 

Frequency-domain and time-domain procedures confined to 

open-loop vehicle analysis exhibit the following additional 

deficiencies: 
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a. Effects of atmospheric disturbances such as turbulence and 

wind shears are not considered.* It has been shown, 
nevertheless, that pilot opinion can be influenced 
appreciably by the action of disturbances external to the 
vehicle C31. 

b. Effects of displays (such as flight directors) are not 
considered. To the extent that display parameters influence 
overall mission suitability (and, therefore, pilot opinion 
rating), a method for predicting handling qualities should 
account for the effects of display parameters. 

Application of existing techniques for predicting handling 
qualities of large commercial transports is limited in a number of 
ways. For example: 

a. Existing handling qualities criteria have been developed 
primarily for military aircraft. Furthermore, these criteria 
have been validated largely for high-performance aircraft 
(fighters, etc.). Thus, application to large commercial 
transports cannot be undertaken with great confidence. 

b. Most existing criteria are based on simple models of aircraft 
dynamics in which phugoid and short-period response 
characteristics can be distinguished. Consequently, 
application to aircraft having relaxed static stability and 
substantial control augmentation is dubious at best. 

C. For the most part, effects of turbulence are not considered. 
This oversight neglects a potentially important aspect of 
flying qualities and is a consequence of considering only 
open-loop aircraft characteristics. 

* The handling qualities specifications of [II do impose a few 
requirements with regard to atmospheric disturbances, and 
analytic models for these disturbances are specified. 
Suggestions have been offered for updating this section of the 
military specification [41. 
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d. Present methods do not consider effects of dynamic 

aeroelasticity. 

1.2 Model-Based Schemes for Predicting Handling Qualities 

Pilot/vehicle analysis can allow considerably greater insight 
into the handling qualities of an aircraft control system than can 

be obtained by analysis of open-loop vehicle response alone. 

Predictions can be obtained for closed-loop response (which is 
usually what counts in terms of meeting mission requirements), and 

the demands made on the pilot can be explored. Thus, the effects 
of external disturbances and control/display parameters, as well 
as inherent pilot limitations, can be considered. 

Reasonably general models for pilot response characteristics 
are available, That is, by specifying a relatively small number 
of constraints, one can predict pilot response characteristics for 

a wide variety of control situations. Consequently, predictive 

schemes based on pilot/vehicle analysis are not constrained to 

deal with “conventional” dynamics and are thus potentially more 
general than techniques based solely on open-loop vehicle 
characteristics. 

Until recently, application of pilot/vehicle analysis to 
studies of vehicle handling qualities has been based primarily on 

servo-theory techniques. Central to these techniques is a 

frequency-domain model of the pilot which is generally structured 

so that feedback loops are closed serially, rather than in 

parallel. Typically, the pilot’s control strategy for each loop 
is represented by a low-frequency gain, a lead-lag network, and an 

equivalent time delay to represent inherent information-processing 

delays. (Usually, pilot neuromuscular lags are neglected or are 
incorporated into the effective time delay.) 

Analysis of the pilot/vehicle system is based on the 
assumption that the pilot attempts to achieve llgoodlV performance 

in terms of the gain-crossover frequency and phase margin 
associated with each control loop. Ideally, crossover frequencies 
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are kept sufficiently large to assure adequate response bandwidth 
while comfortably large phase margins and damping ratios are 
maintained in order to assure high-frequency stability. By use of 
root locus techniques, a set of pilot gains and lead time 
constants is found which best satisfies these requirements. If 
the closed-loop frequency response is not within the desired 
envelope, or if substantial pilot lead generation is required, 
then the pilot rating has to be degraded to take these factors 
into account C21. 

Perhaps the most comprehensive effort to apply classical 
control theory to the prediction of aircraft handling qualities 
has been conducted by R. 0. Anderson and his associates in the 
development of the "Paper Pilot" analysis scheme [51. This scheme 
relates pilot rating to metrics of both closed-loop system 
performance and pilot workload, and it introduces the concept that 
the pilot operates so as to minimize his rating score. 

Pilot rating is assumed to be an explicit function of system 
performance and pilot lead requirements as given by the following 
expression: 

R=l+ Kc f o- o"l+Zi KL- TL 
i i (1) 

where R is the predicted Cooper rating, c is some measure of 
overall system performance (say, a linear combination of rms 
variations in flight path and attitude variables), TL. is the lead 
time constant generated by the pilot in the ith contrA1 loop, and 
Kc and KL. are weighting coefficients. The variable co represents 
the desibed performance level in a particular task. System 
performance degrades the rating only when o>c . 

A pilot model of the form described above is used in this 
scheme, and pilot parameters are found which minimize the 
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predicted rating. Since there is generally a trade-off between 
lead generation and system performance, the predicted pilot 
behavior depends on the choice of coefficients in Equation (1). 

If a relatively high weighting is placed on minimizing system 
errors, large lead time constants are likely to result. 
Conversely, by increasing the penalty associated with lead 
equalization, lower lead time constants and increased system 
errors will be predicted. Good matches to experimental data have 
been obtained for a variety of control tasks through appropriate 
formulation of the rating expression and adjustment of the 
weighting coefficients [5-81. 

This analysis scheme allows one to account for some of the 
factors (other than open-loop vehicle response characteristics) 

that influence pilot opinion. Pilot compensation and gain 
requirements are determined directly, and the susceptibility of 
the system to PIO'S can be estimated from the closed-loop 
pole-zero and Bode plots. Effects of external disturbances, and 
to some extent display parameters, are accounted for. 

Perhaps the most serious limitation of the Paper Pilot scheme 
is that no general rule has yet been determined for choosing the 
precise form of the rating expression or for selecting the various 
weighting coefficients. Other limitations inherent in 
servo-analysis techniques are also important: 

a. A relatively constrained fixed-form pilot model is usually 

employed; the structure of this model and nature of loop 
closures must be assumed a priori to the analysis. This 
procedure is not straightforward when applied to multi-loop 

control systems, particularly when loops are strongly 

coupled. Consequently, a great deal of insight (or 
ffartistryff) is required to apply servo analysis to 

multi-variable, multi-loop problems. 

b. Treatment of pilot workload is cumbersome, especially when 
the pilot must generate lead in multiple loops. 
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C. Parameters related to the quality of the perceptual 
environment (e.g., limitations associated with perceptual 
resolution) are not accounted for. This can be an important 
consideration, for example, in the landing approach task, 
where the pilot's ability to perceive and utilize height and 
sink-rate errors (and, therefore, performance and workload) 
is a strong function of the physical aspects of the relevant 
display. 

d. At present there is no rule for combining the predicted pilot 
ratings for individual tasks into a predicted rating for a 
combined task. For example, the rating associated with a 
combined longitudinal and lateral-direction flight control 
task does not bear a consistent relationship to the ratings 
for the individual subtasks. In order to treat the 
multi-task (or multi-axis) problem, an analysis scheme is 
required which accounts for the interaction between multiple 
tasks performed concurrently. 

Building on the ideas of Anderson, staff members of Bolt 
Beranek and Newman (BBN) Inc., suggested a model-based scheme to 
overcome some of these limitations.* Attentional workload was 
defined in terms of a model parameter, and the pilot was assumed 
to tradeoff between workload and a scalar metric of system 
performance to minimize the numerical pilot rating. A rating 
expression, formulated as a function of "workload" and 
performance, was tested against existing experimental data with 
encouraging results. 

More recently, Hess has described a model-based scheme for 
predicting pilot ratings that is similar to that proposed by BBN 
[91. He suggests an index of performance of the following form: 

* "A Technique for Predicting Aircraft Handling Qualities as a 
function of System Performance and Attentional Demand", Technical 
Memorandum CSD-7, November 1974, Control Systems Department, Bolt 
Beranek and Newman Inc., Cambridge, Massachusetts. 
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J = E{lim $ 1: [y_'(t) g&t) + u'(t) Ru W] dt - - 
T'W (2) 

where y(t) is a vector of system variables that the pilot wishes - 
to maintain within acceptable limits, u(t) is the set of pilot - 
control inputs, 2 and E are constant weighting matrices, and E 
represents the operation. of statistical expectation. In the case 
of steady-state tracking tasks, the performance index consists of 

a weighted sum of mean-squared-error and mean-squared-control 

terms. The pilot is assumed to adopt control and estimation 
strategies that minimize this performance index. 

Hess proposes a model structure, based on modern (or 
ffoptimalff) control theory, to allow one to predict the performance 

index for various flight tasks. Hess' model is a modified 
implementation of the model originally suggested by Kleinman, 
Baron, and Levison ClO,lll. The latter model forms the basis for 
the prediction scheme that is the subject of this report. 

Hess hypothesizes that pilot opinion rating will be related 
monotonically to the index of performance if: 

1. the index of performance and the pilot-related model 

parameters required to match the data yield a dynamically 

representative model of the human controller, 

2. the variables included in the performance index are directly 

observable by the pilot, and 

3. weighting coefficients are chosen as the reciprocal of the 
squares of maximum allowable deviations, where such maxima 

are consistent with the pilot's perceptions of task 

requirements. 

Hess claims that this prediction scheme accounts for both the 

physical as well as the mental aspects of pilot workload. 
Physical workload is defined in terms of the weighted mean-squared 
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control motions. Mental (i.e., information-processing) workload 

is related to the rank of the Q weighting matrix appearing in the 
first term of Eq. (2). That is, mental workload is related to 
"the number of separate variables whose deviations the pilot 
considers pertinent to the task and whose deviations contribute to 
the value of the index of performance" C91. 

Hess tested this hypothesis against 19 different 
configurations covering a range of pilot ratings. Performance 
fflimitsff were chosen to match experimental scores, and 
pilot-related model parameters were chosen partly on the basis of 
previous results and partly to match observed performance. Pilot 
ratings could be matched to within + 1 rating unit by a linear - 
relationship between pilot rating and the logarithm of the 
performance index of Equation (2). More recently, Schmidt has 
used this prediction scheme as the basis for a model-based control 
design procedure C12l. 

Although not validated as a reliable predictive tool, Hess' 
procedure lays the foundation for a scheme that seems to overcome 
some of the limitations inherent in techniques based on classical 
servo analysis. The basic form of the performance index is 
consistent across tasks; the form of the pilot model and nature 
of loop closures are determined by the optimal pilot model and 
need not be specified by the user; a scalar metric of workload is 
provided; factors related to perceptual environment are considered 
(as shown in the following section of this report); and, in 
principle, pilot ratings can be predicted for combined 
longitudinal and lateral axis tasks. 

Perhaps the most severe limitation of the optimal-model-based 
approach, as developed so far, is the requirement to specify 
numerous task- and pilot-related model parameters. To some 
extent, the ffartistryff in specifying pilot model forms and loop 
closures for servo-theory models is replaced by the artistry in 
specifying parameters (especially weighting matrices) of the 
optimal-control model. 
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Another limitation, in the opinion of this author, is the 
lack of a suitable metric for information-processing workload. 
The metric proposed by Hess (the number of system variables to be 
regulated) does not appear to add to the rating scheme beyond what 
is encompassed by the performance index. That is, if workload is 
to be related to controlled variables that are of concern to the 
pilot, then only those variables contributing significantly to the 
performance index will increase pilot workload. Such effects are 
accounted for by the numeric value of the index itself. 

The methodology described in this report builds upon the work 
of Hess and encompasses a pilot rating prediction scheme based on 
the optimal-control model for pilot/vehicle performance. Emphasis 
is placed on the predictive aspects of the procedure, and a 
rationale is offered for selecting model parameters on the basis 
of an adequate description of the task and in the absence of 
experimental data. In addition, a well-defined model parameter is 
suggested as a potential scalar workload metric for the purposes 
of predicting pilot opinion ratings. 
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2. METHODOLOGY 

Because pilot opinion is assumed to reflect both pilot 
workload requirements as well as system performance capabilites, 
methods for predicting pilot ratings should include consistent and 
straightforward treatments of workload. Therefore, before 
proceeding with a description of the proposed rating scheme, let 
us briefly review the concept of workload as used in this study. 

The term ffworkloadff is intended to refer to information- 
processing -- rather than physical -- activity of the pilot. 
Specifically, workload is considered synonomous with ffattentionff 
in the remainder of this report. Although attention is not 
defined here in a way that lends itself to direct physical 
measurement, the pilot model used in the rating prediction scheme 
does include a parameter that can be related to attention on both 
theoretical and empirical grounds. Thus, for the purposes of 
obtaining rating predictions, attention (workload) is an 
unambiguous and workable concept. 

Underlying the use of workload in the prediction scheme is 
the notion that attention is a voluntary aspect of pilot behavior. 
That is, we assume that the pilot controls the amount of attention 
devoted to a particular flight task or subtask, and that, in 
general, the greater the attention, the better the overall system 
performance. The workload associated with a task is thus 
equivalent to the level of attention the pilot decides to devote 
to the task. 

2.1 General Approach 

The prediction scheme described in this report is based on 
the following assumptions: 

1. Pilot rating is a function of the flight task. 

2. For a given flight task there exist one or more critical 
subtasks which serve as the primary determinants of pilot 
rating. 
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3. Performance requirements are well defined for each critical 

subtask. 

4. Pilot opinion is based partly on the degree to which desired 

performance is achieved and partly on the 

information-processing workload associated with the task. 

5. A reliable model exists for predicting performance/workload 
tradeoffs for relevant flight tasks. 

These assumptions lead to the procedure diagrammed in Figure 

1. The following steps are required for predicting an average 

pilot rating for a specific situation. 

1. Task Definition. Pilot opinion ratings are task dependent. 

For example, the rating associated with a specific vehicle, 
relative to other vehicles or other configurations of the 
same basic airframe, may not be the same in final approach 

as, say, in high-altitude cruise. Therefore, separate 
assessments must be made for each flight task of interest. 

2. Subtask Definition. Use of the methodology requires a 
quantitative description of the specific task or subtask for 

which predictions are to be obtained. For example, if 

ratings are desired for landing approach, a critical aspect 

of that task (say, ILS tracking) must be quantified. Task 
specification requires a linearized description of vehicle 

dynamics plus a quantitative description of the external 

environment (e.g., spectral characteristics of the wind gusts 

if the subtask is path regulation in the presence of 
zero-mean random turbulence). 

3. Define Performance Criteria. Performance criteria must be 

defined in precise quantitative terms. In order to obtain 
performance/workload predictions with the pilot/vehicle model 
used in this procedure, a quadratic performance index of a 

form similar to that given above in Equation (2) must be 

specified. The user must specify both the terms to be 
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DEFINE 
PERFORMANCE CRITERIA 

PREDICT 
PERFORMANCE VS WORKLOAD 

Figure 1. - Procedure for Predicting Pilot Rating. 
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included in the performance index as well as values for the 

cost weighting coefficients. 

cost weighting coefficients based on assumed maximum 
allowable values are suggested. As illustrated in Section 
2.3 below, these coefficients are determined partly from the 
physical constraints of the flight control system, partly 
from objective performance requirements of the closed-loop 
system, and partly from pilot preference. The performance 
criterion used in the rating expression should be a monotonic 
function of this quadratic performance index. 

4. Predict Performance/Workload Tradeoff. The optimal-control 
pilot/vehicle model described below is used to predict 
performance as a function of information-processing workload. 

ffWorkloadff -- considered synonymous with "attentionff in the 
context of the model -- is defined in terms of a model 
parameter relating to signal/noise characteristics of the 
human operator. 

5. Predict Pilot Rating L The results of the preceding step are 
used in a rating expression to predict the pilot rating. If 
experimental data are available for the flight task/subtask 

of interest, a regression analysis is performed to 
ffcalibrateff the independent parameters of the rating 
expression; in this case, absolute rating predictions are 

obtained. In the absence of such calibration data, rating 
parameters are adjusted on the basis of previous results, and 

rating predictions are interpreted on a relative basis with 
predictions obtained for other vehicle configurations. 

In the remainder of this section we review the pilot/vehicle 
model and describe alternative expressions for predicting pilot 

opinion ratings. 
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2.2 Review of the Pilot/Vehicle Model 

The prediction technique described in this report is built 
around the so-called ffoptimal-controlff model for pilot/vehicle 
systems. The theoretical foundation for this model has been 
described in the literature ClO, 111, and the model has been 
validated for both simple laboratory tracking tasks r10,11,13-151 

as well as for more complex control situations [16-181. As 
discussed above, this model has also been shown to yield good 
handling qualities predictions C91. 

A review of the structure and parameterization of the model 
is provided in Appendix A; essential features are summarized 
below. 

The model is based on the assumption that the well-motivated, 
well-trained human operator behaves in a near optimal manner 
subject to his inherent constraints and limitations. The operator 
is assumed to adopt strategies of state estimation and control 
that minimize a "Cost functionff (or performance index) of the 
form: 

J=E 
N 

1 +p (riU2 (t) + giG2 (t)] dt (3) 
i=l 

This expression augments that of Eq. (2) by the addition of 
cost penalties on the rate of change of control, inclusion of 
which introduces a first-order lag into the pilot's control 
strategy. In simple single-variable laboratory tracking tasks, 
this lag appears to reflect a bandwidth limitation on the part of 
the human operator; in more realistic control tasks, cost 
coefficients associated with control rate may be selected to 
reflect physical limitations on the slew rate of aircraft control 
surfaces. 
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Pilot-related limitations reflected in the model include 

information-processing delay, response bandwidth limitations, 
response randomness, and limitations related to perception. 

Information-processing delay is accounted for by a pure time 
delay which, for mathematical convenience, is associated with the 
perceptual process. Generally, a time delay of 0.2 + 0.05 seconds - 
provides a good match to experimental data. To the extent that 
control activity is limited by operator response limitations (as 
opposed to limitations of the physical control system), a good 
match to experimental data can be obtained by selecting the cost 

coefficient on control rate to yield a lag time constant of 
approximately 0.1 seconds. (This lag is not lumped into the pure 
delay term.) 

The ffobservation noise" and ffmotor noise" parameters account 
for response randomness; the former accounts as well for 
perceptual limitations. The motor noise term is included 
primarily to reflect limitations in the pilot's knowledge of the 
response characteristics of his vehicle; a typical value of motor 

noise is -60 dB, normalized with respect to control-rate variance*. 

The stochastic portion of the pilot's response ("pilot 
remnant") is accounted for largely by an observation noise 
process. Each perceptual variable utilized by the pilot is 
assumed to be perturbed by a Gaussian white noise process line.arly 
independent of other such noise processes and of external inputs 
to the system. In the case of a single-variable steady-state 

tracking task in which perceptual threshold- and saturation-type 

* Various representations of motor noise have been explored during 
the development of the optimal-control model c19,201. For the 
version used in this study, motor noise was represented as a 
Gaussian white noise process injected in parallel with commanded 
control rate and normalized with respect to the variance of the 
commanded control rate. 
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limitations are negligible, the variance of each observation noise 

process appears to scale with the variance of the associated 

perceptual variable. Thus, 

'i 
= ITPi c 

yi 
(4) 

where Yi(t> is the ith perceptual variable, CJ:. is the variance of 

that variable, Pi is the ffobservation noise/signal ratio" 

associated with perception of yi, and Vi is the autocovariance of 
the white observation noise processes. This expression can be 

modified to account for limitations associated with perceptual 

resolution (see Appendix). 

The model is able to reproduce pilot response behavior in a 
number of simple laboratory tracking tasks with a nearly constant 
value of noise/signal ratio of about 0.01 (i.e., -20 dB). The 
consistency of this parameter across tasks and across. subject 
populations suggests that it reflects a basic central-processing 

(rather than perceptual or motor) limitation, and these results 
have led to the following model for central attention sharing: 

'i 
=Po-1. 10 1 

f; fs fi (5) 

where ft is the fraction of attention devoted to the tracking task 
as a whole, f, the fraction of attention devoted to subtask 11 s 11 

(say, longitudinal-axis control), and fi is the fraction of 

attention devoted to the ith display in subtask s. PO is the 
baseline noise/signal ratio associated with a high-workload 
single-variable tracking task (typically, -20 dB). 

The attention-sharing model of Eq. (5) has a theoretical base 
[211 and has been validated in a study of multi-axis tracking by 
Levison, Elkind, and Ward C131, who found that this model yielded 
accurate predictions of multi-axis system performance. Wewerinke 
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[223 has also obtained generally good agreement between subjective 

workload assessments and a ffworkload index" based partly on the 

model of Eq. (5)” 

The following assumptions are usually made with regard to 

attention-sharing: (1) all attention devoted to the control task 

is allocated to one or more identifiable subtasks; and (2) all 

informational quantities within a given task are mutually 

interfering - that is, information is obtained from one element of 

the display only at the expense of degrading the information 

obtained from another display element.** These assumptions lead 

to the following constraints: 

(6) 

The remaining attentional variable, ft, is usually taken as a free 

parameter of the analysis when predicting performance/workload 

tradeoffs. 

The specific values for fi and f, may be chosen (subject to 

the above constraint) to reflect some hypothesized allocation of 

attention, or model solutions may be used to find the allocation 

of attention that yields optimum performance. That is, one may 
use the model to predict the optimal allocation of attention. 

The constraint on fi given by (6) is made on the assumption 

that interference is central in origin and not due to overt 

-” _-_---_- -. _ --c_.--- 

* Wewerinke's workload index uses both the noise/signal ratio at 

which the pilot operates, as in the model suggested here, plus 

the sensitivity of the performance index to fractional changes in 
this noise ratio. 

W* No interference is assumed between position and rate 

information obtained from the same display element. 
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scanning requirements. If large eye movements are necessary, 
visually obtained information is further degraded because of the 
apparent loss of perception that occurs immediately before, 
during, and after each eye movement C231. This loss is modeled by 
letting the fi sum to a value less than unity. Thus, for scanning 
situations, 

c fi = 1 - fo 
(7) 

c fs = 1 

where f, is the fraction of time that perception is lllostll, on the 
average, because of scanning. 

The model parameter ft, representing attention to the control 
task as a whole, serves as the metric for workload in the proposed 
handling qualities prediction scheme. Because it is a scalar 
quantity, it may be used in a straightforward manner to predict 
handling qualities for multi-variable, multi-axis flight control 
tasks. Unlike workload metrics used in alternative model-based 
prediction schemes, the attention parameter defined here has a 
theoretical as well as empirical basis. 

Because the predicted " c 0 s t " for a given task increases 
monotonically with increasing noise/signal ratio, and because 
noise/signal ratio is related inversely to the attention parameter 

ft, cost is a monotonically decreasing function of llworkloadlV as 
we have defined it here. Thus, if other independent model 
parameters are kept fixed, tradeoff curves of performance versus 
workload can be predicted for configurations of interest. As 
described below, these curves can be further processed to yield 
predictions of pilot rating. 

2.3 Prediction of Pilot Ratings 

In keeping with Anderson's philosophy [51, pilot rating is 
predicted by means of a mathematical expression that includes both 
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performance and workload. effects. In general, "performancel' is 

defined in terms of the performance index of Eq. (3) or some other 
scalar function of the signal deviations predicted by model 
analysis. As described above, "workload11 is synonymous with the 

total attention to the task, ft, which affects performance through 
the noise/signal ratio. 

Best results in this study were obtained through use of a 

performance metric defined as the joint probability of one or more 
system variables being outside their respective "limits" (i.e., 

maximum desirable values).* Although a reasonable match to 

experimental results could be obtained with the performance index 

J defined in Eq. (3>, the probability metric provided a better 
match with a simpler rating expression. 

The following alternative philosophies have been tested and 
found to yield good replications of experimentally obtained pilot 
ratings: 

1. Pilot rating is determined by the performance achievable at 
some particular level of workload; 

2. Pilot rating is determined by the workload required to 
achieve some criterion level of performance; 

3. Pilot rating is a continuous function of both performance and 

workload, and the pilot operates at a workload so as to 
minimize the numeric value of his rating (i.e., achieve the 
best rating). 

These philosophies were implemented, respectively, by the 

following rating expressions: 

R=1+9 ’ a+0 I A = A0 
0 

(8) 

* Computation of this probability is described in Section 4.3, 

22 



R= 1 + 9 A 
A + A0 Ia = a0 

R=lO[ o + A;A ] CT+0 
0 0 

1 < R - < 10 

I(9) 

(10) 

where R is the predicted pilot rating on the Cooper-Harper Scale 
C241.; CT is predicted performance in terms of a probability as 
defined above, A is the attention model parameter (equivalent to 
ft of Eq. (8>>, and o. and A, are constants of the rating 
expressions.* For convenience, we shall refer to these rating 
expressions as the "performance model", the "attention model", and 
the "minimum-rating model". 

The first two expressions are intended as predictors of 
rating only, not as predictors of the specific point on the 
performance-workload tradeoff curve at which the pilot will 
operate. For example, the performance expression is not intended 
as a prediction that the pilot will operate at some specific 
workload level A,, but rather that the rating will be based on the 
performance that would be achieved if the pilot were to operate at 
that level. Similarly, the attention expression -- based on the 
notion of a "workload index" suggested by Levison, Elkind, and 
Ward [131 -- is not intended as prediction that the pilot will 
always work to achieve a fixed criterion level of performance. In 
other words, the performance and rating expressions imply that 
rating is based on a "what if" consideration and not on the levels 
of performance and workload actually achieved. 

* Numerical values for A, and Go may vary from one expression to 
the next. 
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The minimum-rating expression Eq. (10) embodies the notion 

expressed by Anderson 151 that the pilot trades between 

performance and workload in such a way as to minimize the rating 

score. In principle, use of the minimum-rating expression should 

allow one to predict pilot workload and overall system performance 

as well as the pilot rating. Nevertheless, even if the models 

presented herein are highly accurate predictors of 

performance/workload tradeoffs, there may be practical problems in 

pinpointing the pilot's "operating point". If there exists a 

range along the performance-workload curve for which the predicted 

rating differs negligibly from the minimum, predictions of 

operating point cannot be more precise than this range of 

indifference. 
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3. DATA BASE 

The data base used for developing and testing the handling 
qualities prediction scheme was obtained from two sources: (1) an 
experimental study performed by Douglas Aircraft Company in 1975, 
C251, and (2) the results of a questionnaire, submitted during the 
course of this study, to the test pilots who participated in the 
Douglas study. 

3 ..l Description of Experiments 

A manned simulation study was conducted by Douglas Aircraft 
Company to explore the applicability of various handling qualities 
criteria to longitudinal flying qualities of large transport 
aircraft in the landing approach. Criteria that were evaluated 
included several vehicle-centered criteria from MIL-F-8785B [l 1, 
vehicle-centered criteria from other sources [251, and a pitch 
tracking criterion involving a closed-loop pilot model [2]. This 
study is described in detail by Rickard L251; a summary of the 
experiments is given below. 

The Douglas study explored a total of 42 vehicle 
configurations. The first group of 26 configurations were 
obtained by selecting stability derivatives typical of wide-body 
aircraft and either varying the simulated cg location from far 
forward to far aft of the neutral point, or by varying a single 
stability derivative. Configurations of the second group were 
obtained by specifying vehicle frequency-response characteristics 
and then solving for the stability derivatives. All 
handling-qualities variations were confined to the longitudinal 
control axis; lateral-directional aircraft parameters were kept 
fixed throughout the experiment to provide response 
characteristics typical of a wide body transport. 

Five Douglas test pilots performed .evaluations of these 
configurations on a six-degree-of-freedom moving-base simulator. 
Each evaluation typically consisted of two ILS approaches: the 
first performed in the absence of simulated atmospheric 
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disturbances, the second in the presence of simulated zero-mean 

turbulence. Approach was initiated at a range of 13.7 kilometers 

(7.4 n. mi.> from runway threshold at an altitude of 457 meters 
(1500 feet) on the extended runway centerline. The 3-degree glide 

slope was intercepted at a range of about 8.7 kilometers (4.7 n. 

mi.); the pilot flew down the glide slope relying on ILS 

instrumentation for path information to an altitude of about 61 

meters (700 feet), at which point the pilot transitioned to a 
visual display for flare and touchdown. 

The test pilots were encouraged, in general, to perform 

maneuvers that would aid in their evaluations (e.g., intentionally 
impose and then eliminate a path or attitude error), but no 

specific set of maneuvers was required. A single Cooper-Harper 

rating was given by each pilot for the pair of still-air and 

turbulent-air approaches for each configuration. Some 
configurations were evaluated more than once by some of the test 

pilots. Evaluations were performed on the basis of approach 

performance only; flare and touchdown characteristics were not 

considered. 

3.2 Configurations Explored in the BBN Study 

3.2.1 Airframe Response Characteristics 

The rating expressions described in Eq. (8) - (10) were 

tested against eight configurations selected from the first group 

used in the Douglas study. These configurations were chosen to 

span a range of pilot ratings as well as a range of handling 

qualities problems. Modal characteristics for the configurations 
explored in the BBN study are given in Table 1. 

3.2.2 Control and Display Subsystems 

The Douglas manned simulation study was performed with the 
following actuator and engine-response characteristics:* 

* W. W. Rickard, personal communication. 
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w 
SP 

0.846 
(-0.633) 
(-0.811) 
(-0.909) 
0.811 

(-0.991) 
(-1.061) 
0.441 

TABLE 1 

Configuration Characteristics 
v.= 140 kts y = -3' wt = 1,560,OOO N 

5 SP wph I 
5 ph da 

0.628 0.186 0.072 
(-0.307) 0.086 0.318 
(+o. 090) 0.200 0.636 

(+0.158) 0.210 0.479 
0.662 0.194 0.041 

(+0.225) 0.211 0.388 
(+0.291) 0.210 0.331 
0.665 0.170 0.043 

dY/dV 

3.80 
4.14 
4.20 
4.24 

4.04 
4.29 
4.35 
1.05 

-0.040 
-0.049 
-0.051 
-0.053 

+o. 339 
-0.055 
-0.057 
+0.285 

1’Te1 liTe2 
or or 
[WI 151 

-0.084 -0.506 
-0.082 -0.556 
-0.082 -0.564 
-0.082 -0.568 
+0.041 -0.631 
-0.082 -0.575 
-0.082 -0.583 
[0.1493 [0.676] 

w 
sP = short-period natural frequency, rad/sec 

5 
sP = short-period damping ratio 

Oph = phugoid natural frequency, rad/sec 

5 ph = phugoid damping ratio 

n/a = normal acceleration per unit angle of attack, 
g/rad 

dy/dV = path angle change per speed change, deg/kt 

TO = numerator time constant, set 

. ( ) signifies first-order factor 

*Configuration number of the Douglas Study [251. 
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% -0.056 l 

850 . 2500 -= 
I? 

cc s2 + 45s + 850 (s + 25j2 

% 
q = 

2.5 
s + 2.5 

C 

(11) 

(12) 

where 'e'Fcc represents degrees of elevator deflection per Newton 

of control force. As discussed in Section 4.2, these dynamics 

were simplified for model analysis. 

The test pilots were assumed to utilize the ILS instrument, 
attitude indicator, and airspeed indicator as their primary 
displays during the instrument-flight portion of the simulated 
approach. 

Glide slope error was indicated by displacement of a 
vertically-moving indicator with respect to a marker. 
Calibration markings ("dots") were located above and below the 
zero reference at separations corresponding to 0.35 degrees of 
glideslope error. Separation between dots was .874 cm, 

leading to an effective display gain of 2.5 cmof d%sPlaY 
deflection per degree glideslope error. 

Pitch attitude changes were indicated by motion of the 
attitude sphere relative to a stationary reference bar; 
calibration markings were located at intervals corresponding to 
increments of 2.5 degree pitch attitude. For small deviations 
from trim, display movement was considered to be linearly related 
to simulated pitch attitude with a display gain of .163 cm 
indicator displacement per degree of pitch. 

Airspeed was indicated by a rotary pointer that moved 
relative to a stationary background. Graduations were linearly 
spaced over the range of 100 to 250 kts; in this range, a 
go-degree displacement of the airspeed indicator corresponded to a 
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change of 70 kts. The pointer was about 3.3 cm in length, 

providing a display gain of about .074 cm display deflection 

per knot, or .Cj72 cm/knot. 

3.2.3 Random Turbulence 

Zero-mean turbulence was simulated in the three linear and 
three rotational degrees of freedom in the Douglas study. The 
following turbulence models, based on models suggested in the 
flying qualities specifications Cll, were used to provide 
disturbances to longitudinal-axis variables: 

2Lu . 1 . 
0 \I %= u ru Lu 

NU 

0 1+rs 
0 

K = u %l 
s + a 

U 

J3 Lw 

(13) 

(14) 

r Lw S 

0 . 1+ UCJ 

wg = 
Nw 

w ,fr u. 

(n + $ s)* 
0 

s+a 
= K, 

wl ww 

(s + aw2) * 

I 

= 57.3 l 

Go s 

qg 1 + ““u s wg 

0 

(15) 

%I 
= s+ a 

4 %I 29 
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where u gr wgr and qg are gusts acting along the forward, vertical, 
and pitch body axes; Nu and NW and unity white noise processes; Wu 
and Ww are white noise processes having variances equal to the u- 
and w-gust variances, and 

44.2 + 1.305 h, m 0 5 h I 305 m 
Lu = { 

442 m h z 305 m 

hm 0 s h 5 305 m 
Lw = f 

305 m h .Z 305 m 

b = 50.4 m 

u. = 72.1 m/set 

Rms gust level cw and ow were fixed at 2.4 meters/set (7.8 ft/sec 
and 2.0 meters respectively, for the duration of the approach. 
Other parameters of the turbulence model are quantified in Table 
2. These values correspond to an altitude of 305 meters (1000 
ft), the altitude for which steady-state model analysis was 

Table 2 

Parameter Values for the Turbulence Model 

EciKht - 305 P 

Parameter 

0 u 
K" 

I 
a"1 
%2 
K" 

=9 
K 

P 

ValUe 

0.163 
0.571 
0.136 
0.236 
0.842 
1.12 
0.272 

performed in the BBN Study. 
These models were simplified somewhat for steady-state model 

analysis as described in Section 4.2. 
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3.3 Performance Requirements 

Application of the prediction scheme in Section 2 requires, 
first, that one or more 'specific subtasks be selected for analysis 
and, second, that performance requirements be specified for each 
subtask. To obtain this information, a questionnaire was prepared 

by BBN and administered by Douglas personnel to 4 of the 5 test 
pilots that had participated in the 1975 manned simulation study. 
Through this questionnaire the pilots were requested to (1) state 
whether or not pilot ratings were determined primarily by 
longitudinal handling characteristics; (2) specify whether ratings 

were based mainly on the instrument-flight or visual-flight 
portions of the approach; (3) specify, in order of priority, the 
subtasks that were important determinants of pilot rating; 

and (4) specify in as quantitative manner as possible the 
"desired" and "acceptable" levels of performance for each subtask. 
A sample of the questionnaire is provided as an Appendix B to this 
report. 

All four pilots agreed that lateral-directional handling 

qualities were quite satisfactory and that pilot ratings were 
influenced primarily by longitudinal handling characteristics. 
They all stated that the instrument-flight phase was more 

important in determining ratings. 

All subjects indicated at least three subtasks as important 
determinants of pilot rating. Relative importance of these 
subtasks for the subject population as a whole was determined from 
"priority scoresll, computed by assigning 5 "points" to an item 
receiving highest priority, 4 points to the next priority, and so 
on to 1 point for tasks ranked fifth or more in the list. 
Priority scores for each task are shown in Table 3, along with the 
total score obtained by summing across pilots. 

Table 3 shows that ratings were largely determined by the 
ability of the pilot to regulate path error. Highest priority was 
given to tasks involving transient maneuvering (glide-slope 
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Table 3 

Priority Scores for Important Subtasks 

Subtask 

Glide-Slope Capture 
Glide-Slope Tracking 
Recover from Glide Slope Mistrim 
Altitude Station-Keeping 
Open-loop Response 
Recover from Airspeed Mistrim 
Recover from Pitch Mistrim 

LB 

5 
4 
3 

2 

Pri' 
BM 

01 

T 

capture, correcting self-induced height error). Next in 

:ity 
JM 

Score 

importance were tasks requiring continuous regulation of height 
error (altitude station-keeping prior to glide slope acquisition, 
post-acquisition glide-slope tracking). Open-loop response and 
correction of pitch and airspeed mistrim were of substantially 
less importance overall in terms of influencing pilot opinion. 

Obtaining quantitative comments related to performance 
requirements was considerably more difficult than anticipated. 
Only two of the four pilots provided quantitative responses, and 

only one of these (Subject JM) differentiated between “desired” 
and llacceptablell performance. * Performance requirements indicated 
by Subject JM for tasks requiring continuous regulation are given 
in Table 4. 

3.4 Pilot Ratings 

Mean and standard deviations of the pilot ratings obtained in 

the Douglas study are given in Table 5, along with handling 
qualities levels as determined from two of the vehicle-centered 
criteria considered by Rickard E.251. Rating statistics were 

* To aid the pilot in making this distinction, “adequate” 
performance was defined in the questionnaire as corresponding to 
the boundary between a rating of 6 and 7, whereas lldesiredll 
performance was to be associated with a rating of 1. See 
Append ix B. 
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Table 4 

Subjective Performance Requirements 

I JM 1 BM I 

I Alt. Regulation 1 G-S Trackizz I G-S I 
Desired I-- ~-.--- Accsptable Oesired 1 Acceatible Tracking 

I I I 
+ l/4 dot 
at '00' 

+ 100 ft. + l/4 dot + 1 dot - 
at 1100' 

+ l/4 dot 

+ 500 + 200 - + 530 

+ 10 +2 +5 - 5, l 10 - - 

derived by first averaging multiple ratings (where such existed) 
for each pilot for each configuration, and then using these 
averages to compute a mean and standard deviation across subjects 

Table 5 
Pilot Opinion Ratings 

Config. 

1 
3 
4 
5 
8 

:z 
21 

Pilot 

MC33ll 

2.5 
4.3 
4.2 
5.3 
8.3 
6.7 
7.7 
6.2 

Rating ldy/dV 1 Wep vs. n/a Static 
Stability 

Yes 
Ye5 
NO 
NO 
Yes 
NO 
NO 
Yes 

Mean rating for 5 pilots, configurations 1,2,4,5 
Hean rating for 3 pilots, ConEigurations 8.15.16.21 

for each configuration.* 

Table 5 shows both a wide spread of average pilot ratings 
across the configurations explored in the BBN study as well as a 
variety of handling qualities problems. The short-period response 
criterion predicts adverse handling qualities for five o'f the 
configurations -- four of which exhibit static instability. Two 
of the remaining configurations, on the other hand, exhibit 
adverse flight path stability (dY/dV). 

* Ratings shown for configurations 4 and 5 differ slightly from 
those presented by Rickard, who apparently computed the mean of 
all ratings pertaining to a given configuration regardless of the 
number of evaluations per pilot. 
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4. TEST OF UETHODOLOGY 

The steps to be followed when obtaining a prediction of 

handling qualities -- diagrammed previously in Figure 1 -- are 

repeated in Figure 2 for convenience. In addition to the five 

steps designated here, there is usually the additional process of 

problem simplification: computational requirements are reduced 

through the use of reduced-order models for various system 

components (airframe dynamics, turbulence model, control system 

dynamics, etc. > wherever possible without materially compromising 

predictive accuracy. 

The results of applying the methodology proposed in Section 2 

to the data base described in Section 3 are described below. 

Discussion is organized as follows : (1) parameters of the 

prediction scheme, (2) problem definition, including specification 

of independent model parameters; (3 > problem 

simplification; (4) prediction of performance as a function of 

attentional workload; and (5) prediction of pilot ratings, and (6) 

discussion of results. 

4.1 Parameters of the Prediction Scheme 

A number of model parameters must be quantified in order to 

predict pilot ratings. These parameters fall into four basic 

categories: (a> cost coefficients, (b) display-related 

limitations, (c> attentional allocation, and Cd) parameters of the 

rating expression(s). The number of parameters to be quantified 

depends on the size of the problem. A cost coefficient will be 

associated with each system variable of particular concern to the 
pilot plus two for each control variable (one for control force or 
displacement, one for control rate). An effective perceptual 

threshold is associated with each perceptual variable assumed to 

be utilized by the pilot; in addition, a “residual noise” is 

associated with each displacement variable for which an explicit 

null reference is absent (usually pitch). Also, allocation of 

attention among these displays must be assumed or calculated. 
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Finally, the two "free" parameters of the rating expression must 
be quantified. 

Seventeen independent model parameters were quantified for 
the problem selected to test the proposed methodology. As the 
following discussion demonstrates, parameters falling into the 
first three groups listed above (fifteen in all) were defined 
largely on the basis of task analysis, tempered by some 
engineering judgement. Once selected, these parameter values were 
held fixed throughout the analysis; only the two parameters of the 
rating expression were adjusted to match experimental data. 

4.2 Problem Definition 

As already indicated, the methodology described in this 
report was applied to the general flight task of final approach 
(exclusive of landing). On the basis of the results of the 
questionnaire administered to the Douglas test pilots, continuous 
glide-slope tracking in turbulence and recovery from glide-slope 
offset were initially selected as the specific subtasks to be 
explored. Although preliminary exploration of the latter 
(transient) task was performed, resources permitted a complete 
analysis of only the continuous tracking task. Therefore, 
presentation of results is confined to tests based on the 
continuous tracking task. 

Although continuous in nature, glide-slope tracking following 
capture is not, strictly speaking, a steady-state task because of 
time variations in various task parameters. As indicated in 
Equations (13) to (15>, turbulence bandwidth changes with 
altitude. Because path control (in terms of linear, rather than 
angular, measure> becomes more important as the touchdown point is 
approached, the pilot's control strategy will change as a function 
of distance-to-go [18,261. In addition, since the ILS instrument 
displays path error in terms of angular deviation, the effective 
display gain (cm of indicator deflection per meter of height 
error> also varies with range. Nevertheless, because these time 
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Figure 2. - Procedure for Predicting Pilot Rating. 
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variations are slow compared to the time constants of important 

system variables, piecewise-steady-state analysis can yield 
meaningful predictions of pilot/vehicle performance at various 
points along the glide path. 

A "frozen-pointW analysis was performed at a simulated 
altitude of 305 meters (1000 feet). Parameters of the turbulence 
model appropriate to this altitude -- indicated in Table 2 -- were 
chosen for this analysis. Remaining system parameters, which were 
not dependent on range or altitude, were initially selected to 
mimic the experimental math models presented in Section 3. 

"Maximum allowable" values, or "limits", were determined as 
follows. A height limit of 35.7 meters (117 feet), corresponding 
to a glide-slope error of 1 dot, was chosen on the basis of the 
"acceptable" height error indicated by one of the test pilots (see 
Table 4). Also based on the results presented in Table 4, a limit 
of 10 kts, or 5.14 meters/set (16.9 ft/sec), was associated with 
airspeed error. 

No limits (i.e., no terms in the quadratic "performance 
index") were associated with either sinkrate error or attitude 
variables. Although one subject specified limitations on sinkrate 
error, this variable was omitted from the performance index to 
prevent overemphasis on height-related variables. Penalties on 
attitude variables were omitted because no limitations on such 
variables were specified by the test pilots. 

Despite the lack of explicit performance penalities on 
attitude variables, reasonable model predictions were obtainable 
through appropriate limits associated with control-related 
variables. Limits on elevator deflection and rate were based on 
physical limitations of the control actuator systems. The actual 
limit on elevator deflection was + 20 degrees, or 356 newtons (80 - 
pounds) stick force as determined from the actuator model of Eq. 

(11). The "limit" used for determining a performance penalty was 
half this value, or 178 newtons (40 pounds). Similarly, the 
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physical limitation on elevator slew rate -- 30 deg/sec -- yielded 
a stick-rate limit of 267 newtons/set (60 pounds/set). 

The limit associated with thrust was set equal to the 

available thrust deflection from trim: 95,700 newtons (21,500 

pounds). The limit associated with rate of change of thrust was 
based on the assumption that the pilot would not make continuous 
wide-band throttle inputs. Therefore, a limit of 47,900 

newtons/set (10,750 pounds/set) was selected to induce a 
control-related lag time constant of about 2 seconds. 

The pilots were assumed to make longitudinal-axis 
flight-control inputs primarily on the basis of perceptual 
information obtained from the ILS, attitude, and airspeed 
instruments. Rate information was also assumed to be obtained 
from the ILS and attitude indicators. Thus, the "display vector" 
assumed for model analysis consisted of height, sinkrate, pitch, 

pitch rate, and airspeed errors. 

Attention was assumed to be divided equally between the ILS, 
attitude, and airspeed instruments;* no attention-sharing 
penalties were considered between displacement and rate 
information from the same physical display. On the basis of 

analysis performed in a previous analytic study of landing 

approach [181, 34% of the pilot's attention was assumed to be 
" lo s t " because of large eye movements required to scan the 
flight-control instruments. Thus, fractional attentions of 0.22 

were associated with the ILS, attitude, and airspeed displays. 

* To be entirely-consistent with the notion of optimal pilot 
response behavior, an allocation of attention should be 
determined that minimizes the performance index. Previous 

studies have shown, however, that an equal allocation of 
attention among essential display variables yields model 
predictions very close to those obtained with optimal attention 

sharing 1281. Therefore, to simplify the analysis, uniform 

attention-sharing was assumed. 
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Effective perceptual lfthresholds" were computed as indicated 
below (see Appendix A): 

Da aO a=- 
G 57-3 (16) 

where "a" is the threshold in problem units, a, is the perceptual 
threshold in visual units, D is the viewing distance, and G is the 
display gain in inches of display deflection per unit of llerrorf' 
(problem units). 

The viewing distance for the Douglas simulation experiments 
was 0.80 meters. Perceptual thresholds of 0.05 degree visual arc 
and 0.2 arc degree/second were assumed on the basis of a.previous 
laboratory study C 13 1. These parameter values, along with the 
effective display gains given in Section 3.2, yield the effective 
thresholds shown in Table 6. Also shown in Table 6 are the cost 
weighting coefficients and a "residual noise" associated with 
perception of pitch error. Cost coefficients were computed as the 
reciprocals of the squares of associated fllimitsff (also shown in 
the table); the rms residual noise was taken as distance of the 
trim pitch angle (3') from the nearest calibration marking (2.5'). 

4.3 Problem Simplification 

The following simplifications were made to the mathematical 
model of the flight-control task to improve computational 
efficiency: 

1. Control actuator dynamics of Eq. (11) were represented by a 
pure delay of 0.09 set, which was added to the pilot's time 
delay when predicting closed-loop response. 

2. Engine response dynamics of Eq. (2) were ignored. (The large 
response lag imposed by the selection of a cost coefficient 
on rate of change of throttle more than accounted for engine 
response lag.) 
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Table 6 

Display- and Performance-Related Model Parameters 

Jariable 

h 
il 
8 

Limit 

35.7 

cost 
Coefficient 

7.85 E-04 

5.15 3.77 E-02 

40 6.25 E-04 

60 2.78 E-04 

95,700 1.09 E-10 

47,800 4.38 E-10 

Threshold 

2.8 
11. 

-43 
1.72 

0.56 

Residual Relative 
Noise Attention 

0 
0 

0.5 

0 

0 

-22 
.22 
.22 
-22 
.22 

h = altitude error, mete'r 

8 = pitch change, degrees 

q = pitch rate, degrees/second 

U. 1 = airspeed relative to moving air mass,meter/second 

'e = force on the control column, Newton 

% = thrust deviation from trim, Newton 
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3. The pilot's use of motion cues was ignored, thereby saving 
two state variables required for a second-order model of 
simulator platform response dynamics. 

4. The following second-order approximation to the turbulence 

model of Eqs. (13) to (15) was used: 
-571 w 

ug=s+.163 u 

-824 
Wg = s -I- -340 ww (17) 

. I 824s w 
Wg = s + .340 w 

These simplifications resulted in a saving of 9 state 
variables required to model the task (18 state variables for 
full-state modelling versus 9 state variables for the 

reduced-order representation). Because computational time is 

approximately proportional to the cube of the number of state 
variables, computational time was thereby reduced by 7/8! 

The effects of model simplification on predicted performance 
were explored for the baseline configuration (Configuration 1 of 
the Douglas study). cost and display-related model parameters 
were selected as shown in Table 6. In addition, the pilot's time 
delay was set at 0.29 seconds (0.2 set for nominal pilot delay 
plus 0.09 set for control-actuator response), "pseudo" motor 
noise/signal ratio was fixed at -60 dB,* and the attentional 
parameters f, and ft of Eq. (5) were set to unity. 

Table 7 provides a comparison of model predictions made with 
and without the simplifications. Predictions of rms performance 
scores are given for the various display quantities assumed 
available to the pilot and for control-related variables. Model 

configuration 11 A 11 corresponds to the reduced-order g-state 
representation, configuration B includes the full 4-state 

* See Levison, Baron, and Junker Cl91 for a description of the 
treatment of motor noise. 
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Table 7 

Effects of Model Simplification on Predicted 
rms Response 

Model 
A 

8.51 

1.60 

1.62 

. 625 

2.08 

4.54 

3.23 

1220 

271 

Configuration 
B C 

7.15 7.56 

1.53 1.49 

1.75 1.63 

. 850 .610 

2.11 2.07 

4.70 4.30 

3.22 2.81 

1040 1220 

241 2720 

A: Simplified Model 
B: Full Turbulence Model, Engine Response 
c: Simplified Model with Motion Cues 
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turbulence model plus the model for engine response, and 
configuration C corresponds to the simplified model with the 
addition of motion cues. 

To include the effects of motion cues in the analysis, the 
pilot was assumed to obtain nz information from the moving cab. 
Cab dynamics were represented by a second-order Butterworth filter 
having a break frequency at 7.5 rad/sec; the output of this filter 
was added to the pilot's "display vector". An attention fi of 
0.66 was associated with perception of this quantity to reflect 
the assumption of no attention-sharing requirements between visual 
and motion cues 1191. 

Table 7 shows that most of the predicted scores for model 
configurations B and C were within 15% of the scores predicted for 
the reduced-order configuration A. The greatest exception to this 
rule was the predicted pitch-rate score, which was 35% greater for 
configuration B than for A. However, predicted height and 
airspeed errors -- the scores that contributed most to the 
performance index -- varied by less than 15%; therefore, the 
simplified model structure was considered to yield representative 
predictions of overall system performance as defined below. 

4.4 Prediction of Performance/Workload Tradeoffs 

Performance/workload tradeoffs were predicted for each of the 
eight configurations defined in Section 3. For purposes of 
predicting handling qualities, "performance" was defined as the 
probability that one or more system variables exceeds maximum 
allowable values. To obtain an approximation to this joint 
probability, system variables were treated as independent Gaussian 
variables, and the probability was computed as 

1 (1 Pr=l-i - Pri) (18) 
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where Pri is the probability that the ith variable of interest 
will lie outside its prescribed boundary, and Pr is the 
probability that at least one such variable is out of bounds. ,The 
probability Pri was readily computed from the predicted variance 
of the ith system variable. (Since we considered steady-state 
conditions, all variables were assumed to be zero-mean Gaussian 
processes.) 

llWorkloadll was represented in the analysis by the attentional 

variable ft of the submodel shown in Eq. (5). The variable f, was 
set to unity (i.e., we ignored the attentional requirement of the 
lateral-axis task), and the fi were adjusted to reflect * 
attention-sharing as shown in Table 6. A noise/signal ratio 

pO = 0.01 was associated with a relative attention of unity. 
Thus, variations in attentional workload were reflected by changes 
in the noise/signal ratios according to Eq. (5). 

Anal.ysis was initially performed under the assumption that 
the throttle was not used in a continuous manner for flight-path 

control.* For this phase of the analysis, no limit (and, hence, 
no cost penalty) was assigned to airspeed, and the (mathematical) 
"pilotl' was assumed to use only the elevator control. Performance 
was computed with respect to limits on height error, stick force, 
and rate of change of stick force as given in Table 6. 

Figure 3 shows that the performance/workload curves fall into 

two general categories: the curves for configurations 8 and 21 for 

which performance is relatively insensitive to attention, and the 
remaining six conditions that show a strong dependency. When 
plotted on a logarithmic basis, as is done in Figure 3, these 
curves show a nearly linear relationship between performance and 

* This assumption reflected the judgement of this author and of 
professional colleagues involved in this study. Questions 
regarding use of the throttle in the Douglas simulation study 
were not part of the questionnaire given to the Douglas test 
pilots. 
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Figure 3.- Predictions of Performance versus 
Workload: No Throttle Control. 
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* 
workload. 

The group of six curves shows an ordering largely consistent 
with the pilot ratings given in Table 5. The more favorably rated 
configurations (1,3,4) show the lowest predicted probabilities of 
exceeding their limits; those corresponding to the least favorably 
rated conditions (15,16) show greater predicted errors; and the 
curve for condition 5, which received an intermediate rating, 
falls between the above two groupings. 

Performance scores for conditions 8 and 21 are not consistent 
with the results of the manned simulation. Predicted 
probabilities of exceeding performance limits are greater than 25% 

even at relatively high workload levels; yet, the test pilots were 
seldom unable to complete a successful simulated landing.** 

Because of the anomalous predictions obtained for 
configurations 8 and 21 with throttle control omitted, the above 
analysis was repeated with inclusion of throttle control and a 

requirement to maintain airspeed. Performance requirements were 
as shown in Table 6; other model parameters remained constant. 

Figure 4 shows considerable improvement in predicted 
performance for configurations 8 and 21, especially for high 

workload. Though not large in absolute terms, predicted 

probabilities for most of the remaining conditions at high 
workload are substantially greater than predicted in the previous 

analysis. Apparently, the requirement to maintain airspeed places 

a l'flOOr" on performance; factors other than attention (such as 

* Some of the curves of Figure 3-5 are shown for attention levels 
greater than unity. Values of nattentionU are relative to that 
inferred for data obtained in a standardized laboratory tracking 

task. Thus, unity attention is intended as a benchmark level of 
workload and does not necessarily relate to maximum effort or 

capability. 
**W. W. Rickard, personal communication. 

46 



100 

50 

20 

10 

5 

2 

1 

16 

15 

5 

I I I I 
0.1 0.2 0.5 1 2 5 

RELATIVE ATTENTION 

Figure 4. -Prediction of Performance versus 
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._... 

gust and vehicle response bandwidths) limit the capability for 
reducing airspeed error below a certain amount. 

Except for configuration 8, the ordering of the 
performance/workload curves is consistent with the ordering of the 
pilot ratings. For attentions of 0.5 and greater, predicted 
performance for the remaining seven configurations follows the 

trend of the ratings. Operation on these results to yield 
predicted pilot ratings is discussed below. 

4.5 Predicted Ratings 

The three rating expressions presented in Section 2 were 
applied to the performance/workload tradeoff curves to provide a 
test of the proposed methodology. These rating expressions are 
repeated below, along with values assigned to the independent 
parameters of each expression: 

1. The "performance model": 

R=1+9 opo IA=A, 
0 

0 = 0.053 

0 = 0.5 

2. The "attention model": 

AO = 0.47 
&o = 0.05 

3. The "minimum-rating "model": 

R=lO(o;o + A A + 
1 2 R 4 

Ao) 
10 

0 = 0.10 
0 

AO = 2.2 

The value for A, of the performance model was chosen to 
represent a moderate-to-high workload level, and the corresponding 
value for o. was found through a regression procedure that 
minimized the following "loss function": 
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(19) 

where R^i = predicted rating, iii q mean experimental rating, co 
= standard deviation of experimental rating, and E = modeling 
error. 

The value for co of the attention model was selected to 

represent a moderate-to-stringent performance requirement, and the 
value for A, was found through the regression procedure described 

above. 

Because of the lack of a tractable analytic expression 
relating performance to workload, the parameters co and A, of the 
minimum-rating model were not found through a computerized 
regression analysis. Rather, pairs of integers were explored on a 

trial-and-error basis to provide a good match to experimental 
pilot ratings. The predicted (minimum) rating for a given 
configuration was obtained by superimposing the predicted 
performance/workload tradeoff curve (Figure 4) on the curve of 
constant rating, shown in Figure 5. 

Because of the difficulty in matching the predicted pilot 
rating of Configuration 8, ratings for this configuration were 
omitted from all three regression analyses. Predicted ratings for 
the three schemes are compared with experimental ratings for all 
eight configurations in Table 8. 

Figure 6 provides a graphical comparison of predicted versus 
experimental pilot ratings for the three rating expressions. 
Dashed lines indicate boundaries of + 1 rating unit. The three - 
rating schemes performed about equally well on the average and 
were able to match 6 of the 8 experimental ratings to within a 
rating unit. The configuration matched least well was 
Configuration 8, which was omitted from the regression analyses. 
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Table 8 

Predicted and Experimental Pilot Ratings 

Pilot Ratings 

Exptl. 
2.5 
4.3 
4.2 

2: 
6.7 
7.7 
6.2 

A B 

2.9 2.8 
3.1 2.6 
3.8 3.9 
5.2 5.5 
5.5 6.0 
7.2 7.0 
8.7 8.0 
5.3 5.6 ! 

C 

2.9 

2: 
5.1 
5.7 
6.6 

i:: 

A: Performance Model 
B: Attention Model 
c: Minimum Rating Model 

Prediction errors may be compared against the variability of 
the experimental data in Figure 7. Experimental ratings are 
indicated by filled circles, with brackets to indicate + standard - 
deviation; open symbols indicate predictions obtained with the 
three rating expressions. 

Except for Configuration 8, predicted ratings are within one 
standard deviation of the experimental mean. Even for the worst 
case, the prediction error is well within two standard deviations 
of the mean. Thus, the reliability of the predicted ratings is 
commensurate with the reliability of the experimental data. 

To compare the results of these model-based schemes with 
other handling qualities critera, we adopt the definitions used by 
Rickard to relate pilot ratings to handling qualities levels. 
These definitions are given in Table 9. The use of half-levels is 
adopted so that a predicted rating that is just across the level 
boundary from a corresponding experimental rating is not 
considered to be in error by a full unit. 

Table 10 compares handling qualities levels obtained 
experimentally with levels obtained from various prediction 
schemes. (Predicted levels for other than the three schemes 
described in this report were obtained from Rickard 1251). The 
"error" shown in the last column is the accumulated prediction 
error across the eight configurations in terms of half rating 
units. 
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Figure 6.- Predicted versus Experimental Pilot 
Ratings. 
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Figure 7.- Comparison of Predicted and Experimental 
Ratings. 
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Table 9 

Definition of Handling Qualities Levels 

Pilot 
Rating 

l-3 
3.01 - 3.99 

4-6 
6.01 - 6.99 

7-9 
9.01 - 9.49 

9.5 - 10 

H. Q. 
Level 

1 
1.5 
2 
2.5 
3 
3.5 
4 

Table 10 

Comparison of Handling Qualities Criteria 

Experimental 
Performance Model 
Attention Model 
Minimum Rating 
Bandwidth Model 
dy/dV 
w 

sP 
vs n/al 

5 sP 
Combination 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

3 
2 
1.5 
1 
1 
2 
1 
4 
1 
1.5 

Hand1 -ng Qualities Level 
4 

2 
1.5 
1.5 
1.5 
2 
1 
4 
1 
2 

5 
2 
2 
2 
2 
2.5 
1 
4 
3 
2 

8 8 
3 3 
2 2 
2 2 
2 2 
1.5 1.5 
4 4 
1 1 
1 1 
2.5 2.5 

16 
2.5 
3 
3 
2.5 
2.5 
1 
4 
1 

I 
2 1 

2.5 2.5 3 
I 

1 1 
3 3 

21 21 
2.5 2.5 
2 2 
2 2 
2 2 
2 2 
4 4 
2 2 

Error 

6 
7 
6 
5 

18 
22 
18 

3 
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Compared in Table 10 are the three model-based rating 
expressions proposed in this study, the "bandwidth model" based on 
the work of Neal and Smith C21, three vehicle-centered criteria, 
and a criterion proposed by Rickard (the "combination11 criterion) 
that combines the bandwidth model and the dY/dV criterion. All 
model-based criteria shown in this table provide substantially 
lower matching errors in terms of half-levels than the 
vehicle-centered criteria. Best results are obtained with the 
combination criterion; the bandwidth model and the three 
expressions based on the optimal-control model also perform well. 

4.6 Discussion of Results 

The generally good match between "predicted" and experimental 
pilot opinion ratings suggests that the model-based approach 
described in this report is basically valid. The technique is 
shown to replicate experimental results reasonably well across a 
set of conditions that spans a range of handling qualities levels 
and problems. 

The schemes tested in this study replicate the experimental 
data nearly as well as other model-based schemes that have been 
tested against the same data base, and substantially better than 
the vehicle-centered criteria that have been tested. Because the 
procedure is based on a pilot/vehicle model of considerable 
generality and demonstrated validity, this scheme ought to be 
valid for other aircraft configurations and, with appropriate 
definitions of performance requirements, other flight tasks as 
well. Further study is required to compare the BBN techniques 
against other model-based procedures and to further compare the 
usefulness of the three rating expressions tested in this study. 

Resources did not permit a detailed study of the inability to 
obtain a good match to the experimental rating for Configuration 
8. The differences between the average ratings for Configurations 
8 and 21 (which our prediction scheme predicts to be negligible) 
were apparently not due to training effects; these two 
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configurations were presented to the test pilots in a balanced 

order.* 

It should be noted that all tests of the proposed methodology 

have been based on steady-state analysis appropriate to conditions 

at a single altitude. Although steady-state-like tasks were 
important determinants of pilot opinion, transient-response 
behavior was also important. There may have been some aspects of 
glide-slope capture and other transient maneuvers that were 
especially adverse for Configuration 8. Additionally, it is 
possible that a different choice of steady-state parameters (e.g., 
turbulence appropriate to a lower altitude, different lllimitsl' on 
throttle response) may have differentiated between Configuration 8 

and 21. 

Data obtained in the Douglas study were used in the BBN study 
because of their applicability to large transports. As this study 
was undertaken well before the BBN analytical study was conceived, 
the data base is not sufficient for a thorough test of the 
model-based approach. Specific methodological deficiencies 
include: 

1. Sparcity of Performance Measurements. Pilot opinion ratings 
were the only data published relating to closed-loop 
pilot/vehicle performance. Objective performance measures 

such as rms errors, pilot describing functions, spectra, or 
time histories are not available. Thus, we cannot determine 
the pilot's "operating point" in terms of pilot-related model 
parameters, and we cannot verify the ability of the model to 

predict objective performance. 

2. Large Rating Variability. Standard deviations for pilot 
ratings, as determined across subjects, were relatively 
large, reaching a maximum of 3.5. Clearly, large variability 
in the data hinders a rigorous test of the prediction scheme. 

* W. W. Rickard, personal communication. 
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To some extent, the large standard deviations resulted from a 
small subject population (only 3 subjects provided ratings 
for four of the configurations explored in the BBN study). 
As described below, a more significant factor may have been 
an insufficiently specific evaluation procedure. 

3. Insufficiently Specific Evaluation Procedure. Typically, --- _- - 
each pilot was allowed two llflightsll per configuration: an 
initial flight without turbulence, and a follow-up flight 
with moderate turbulence. The pilots were encouraged to 
perform maneuvers that would aid in developing their rating, 
and they were asked for a single overall rating of the 
configuration at the end of the two flights. While all 
subjects appeared to consider the same basic maneuvers and 
subtasks (glide-slope capture, glide-slope tracking, recover 
from mistrim, open-loop vehicle response), we do not know the 
extent to which each pilot weighted the various response 
categories. Different weightings might have led to different 
ratings for the same configuration -- a possible explanation 
for the large pilot-to-pilot variability observed in this 
study. Differences in the pilot's expectations of system 
performance are an additional potential source of rating 
variability. 

Consideration of these methodological shortcomings suggests 
alternative approaches in future studies, as outlined in the final 
section of this report. 
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5. CONCLUSIONS AND RECOHHENDATIONS 

A technique based on the optimal-control model for 
pilot/vehicle systems has been developed for predicting pilot 

opinion ratings. Three variations of this technique provide a 

good match to opinion ratings obtained in a manned simulation 
study of large commercial transports in landing approach. 

The model-based technique developed in this study has a 
number of features which should enhance its applicability to other 
aircraft configurations and other flight tasks and should allow 

wider application than alternative handling qualities prediction 
schemes: 

1. One is able to proceed in a straightforward manner from a 
description of the task environment and of task requirements 
to a prediction of pilot opinion ratings. The general form 
of the rating expression and of the underlying pilot model is 
invariant across applications. 

2. No constraints are placed on the nature of the vehicle 
response, and the pilot model is relative1.y free form. Thus, 
"unconventional" aircraft dynamics may be considered. In 
order to minimize computational requirements, however, 
reduced-order modelling is recommended where predictions are 
not materially affected. 

3. A scalar metric for attentional workload is expressed in 

terms of a model parameter related to the signal/noise 
properties of the pilot's response. Thus, the treatment of 
workload is independent of the details of the flight task. 

4. The effects of display parameters, turbulence, and other 
environmental factors on pilot opinion rating are readily 
considered. 

Encouraging results obtained with the model-based technique 
tested in this study warrant further research to provide a more 
rigorous test of the procedure and to determine its range of 
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validity. Such a study should be subjected to the following 
guidelines: 

1. Flight Test Standardization. The flight tests performed for 
the purpose of obtaining pilot opinion ratings should be 
standardized so that all pilots perform the same maneuvers on 
the aircraft. Either separate ratings should be obtained for 
individual maneuvers, or care should be taken to assure that 
all pilots weight the various maneuvers in the same manner 
when assigning an overall rating to the aircraft. 

2. Define Performance Criteria. Through a ----- carefully prepared 
and administered questionnaire, subjective performance 
criteria should be determined for the various test maneuvers. 
If practical, test pilots should be encouraged to adopt a 
common set of criteria to minimize rating variability. 

3. Performance Measurement. Objective measures of system 
performance and pilot response behavior should be obtained in 
addition to pilot opinion ratings to provide a more rigorous 
test of the method. 
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APPENDIX A 

THE OPTIMAL-CONTROL PILOT/VEHICLE MODEL 

A.1 Model Structure 

The model is based on the assumption that the well-motivated, 
well-trained human operator behaves in a near optimal manner 
subject to his inherent constraints and limitations. A block 
diagram of the pilot-vehicle model is given in Figure A-l. The 
portion of the model which pertains specifically to the pilot is 
shown within the dashed line. Principal model elements are: 

a. A linearized description of the vehicle dynamics given by the 

following state equation: 

. 
gt) = g(t) + B_u(t) + gy(t) (A-1) 

where x(t) is the vector that describes the state of the - 
vehicle, u(t) the pilot's (vector) control output, and w(t) a - 
vector of independent white driving noise processes. (If the 
external forcing functions are rational noise spectra of 
first order or higher, the resulting "input states" are 
incorporated into the state vector x(t).> 

b. An "output" (or display) vector, which, in general, consists 

of a linear transformation of the state variables and is 
given as 

y(t) = Q(t) (A-2) 

C. A representation of the pilot's limitations by means of an 
equivalent perceptual time delay T, an equivalent white 
observation noise vector v,(t) 9 and a white motor noise 
vector v,(t). These two vector noise processes account for 
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Figure A-l.- Optimal-Control Model for Pilot/Vehicle Systems. 
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pilot remnant.* 
d. A least mean-squared predictor to compensate partially for 

the inherent time delay, and a Kalman filter to obtain the 
best estimate of the vehicle state. 

e. A set of optimal gains C-L*1 acting on the best estimate of 
the state vector, the output of which is the commanded 
control signal EC(t). 

The primary output variable of the optimal-control model is 
the pilot's control signal, _ u(t). Once the characteristics of 

this signal have been determined, prediction of various system and 
pilot performance metrics is relatively straightforward. For 
steady-state control tasks, predictions include variance scores 
for important system variables (e.g., mean-squared path, attitude, 
and control deviations) along with pilot describing functions and 
"remnant" spectra no, 111. For tasks with deterministic (i.e., 
transient) inputs such as wind shears, ensemble statistics for 
time histories may be predicted [181. 

The problem may be analyzed in a piecewise-steady-state 
manner when one or more statistical properties of the task changes 
slowly with time. Measures appropriate to steady-state tracking 

are predicted, but these predictions are considered as function of 

time, range, or altitude. An example of such a task is ILS 
tracking on final approach in the presence of zero-mean random 
turbulence, where typically the intensity and bandwidth of the 

gusts, the effective display gain associated with the ILS 

instrument, and the control objectives change with altitude and 
range. 

The optimal predictor, optimal estimator, and optimal gain 
matrix represent the set of "adjustable parameters" by which the 

* Observation noise appears to account for most of the measurable 
remnant. Motor noise is included in the model mainly to reflect 

the pilot's imperfect knowledge of the vehicle response behavior. 
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pilot tries to optimize his behavior. The general expressions for 
these model elements depend on system dynamics, according to 
well-defined mathematical rules that are described in ClO,lll. 
For a given level of attention (reflected in the observation noise 
vector as described below), the controller is assumed to adopt a 
response strategy to minimize the following "cost function" (or 
performance index): 

N NU 

J = E {lirn $ IE c:il qi yi2(') + yZl (ri u2(t) + gi 
;2(t)] dt (A-3) 

T-t03 

A.2 Display Analysis 

A basic assumption of the optimal control model of the human 
operator is that the human perceives a noisy, delayed version of 
the displayed variables; i.e., if y,(t) is the vector of perceived 
variables 

yp(t) = y(t-'c) + q(t-=) 
(A-4) 

where y is defined by (A-2). The human.'s time - delay 'c is a 
parameter of the model. Comparison of model results with 
experimental data for a variety of systems and input conditions 
has yielded values of T= 0.2 + 0.05 seconds [13-151, numbers that - 
are consistent with human time delays reported by others C271. 

The observation noise vector v -y is an important part of the 
model. It is, essentially, a lumped representation of human 
randomness. On the basis of considerable experimentation, a 
relatively simple set of rules for specifying IY have been 
determined C141. Each component of vy is assumed to be a 
zero-mean, white (i.e., wide-band with respect to the variables on 
the displays), Gaussian noise process that is uncorrelated with 
other such noise processes and with system input noise 
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disturbances. Therefore, each noise process can be quantified by 

a single parameter, namely, its autocovariance. For manual 

control situations in which the displayed signal is large enough 

to negate the effects of human resolution C1'threshold") 

limitations, the autocovariance of each observation noise 

component appears to vary proportionally with mean squared signal 

level. Thus, 

E ("yi (t) vyi (s) I = vi(t)6 (t - s) 

Vi(t) = ~PiE{Yi 2(t) 1 
(A-5) 

where Pi is the "noise/signal ratio" and has units of normalized 

power per radian per second. Numerical values for Pi of 0.01 

(i.e., -20 dB) have been found to be typical of a variety 

single-variable control situations ClO, 131. The relative 

invariance of Pi with control task parameters suggests that the 

basic observation noise defined by (A-5) represents a processing 

limitation of the human pilot. 

When display characteristics are not ideal it is necessary to 

modify the expression for the observation noise covariance 

associated with a particular display variable. In the work thus 

far, prime attention has been devoted to two display 

limitations: namely, threshold limitations and the lack of a zero 

reference. These phenomena are accounted for by letting the 

autocovariance for each observation noise process be 

oi2 2 

Vi(t) = Pi + 'i-0 
Ki2(oi ,ai) 1 (A-6) 

where the subscript i refers to the ith display variable. The 

quantity K('i, ai) is the describing function gain associated with 

a threshold device 
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-(a/cJZ) -X2 
K(a,a) = 2 /-, e dx 

J 
(A-7) 

where a is the threshold and CT is the standard deviation of the 
"inputt to the threshold device.* This threshold gain causes the 
observation noise covariance to become greater as the signal 
becomes smaller relative to the threshold. The expression in 
(A-7) assumes that a zero reference for yi is available. 
Otherwise, the observation noise is assumed to scale with the mean 
squared deviation of yi(t> from its nearest reference indicator. 
This factor is accounted for by the l'residual-noiseV1 
covariance Rio 2 in (A-6). If the desired deviation from the 
reference is d and it is assumed that Fyi(t)] = d, then 'io = d. 

A. 3 Model for Attention-Sharing 

The model for attention-sharing described in 113,211 is 
reviewed here. 

We consider attention-sharing to be required at three 
levels: between manual control and non-control tasks; between 
subtasks within the manual control task; and between displays 
associated with performing a given subtask. For example, a pilot 
might share attention between control and communication, between 
longitudinal and lateral control, and between flight path and 
attitude displays. Thus, define 

ft = fraction of attention devoted to the control task 
as a whole; 

f, = fraction of attention devoted to subtask -s; 

fi = fraction of attention devoted to the ith display 

* For nonzero mean signals this expression must be modified. 
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The effects of attention-sharing are incorporated in the 

following model for noise/signal ratio: 

Pi=P 1 .l 1 - - - 
0 f t fS fi (A-8) 

where Pi is the noise/signal ratio associated with the ith display 
when attention is being shared and PO is a baseline noise/signal 
ratio associated with a high-workload single tracking task. 

Typically a value of -20 dB is associated with PO, as it is 

representative of performance in a variety of single-variable 

tracking tasks. This is not an absolute limit on human 
performance, however; control tasks especially sensitive to human 
operator randomness have yielded substantially lower noise/signal 

ratios C13,151. Thus, attention is defined relative to that which 
is typically achieved in a 9'standard11 laboratory tracking task. 

A.4 Independent Model Parameters 

Once the equations of motion of the physical system have been 
quantified as in Eqs. (A-1) and (A-21, additional model parameters 

must be specified to reflect performance requirements (both 
objective and subjective), physical limitations of the system, and 

information-processing limitations of the human pilot. Most of 

these parameters fall into two categories: cost weightings, and 
display-related parameters. 

A.4.1 Cost Weightings 

The pilot is assumed to adopt a control strategy that 
minimizes a weighted sum of mean-squared (or integral-squared) 
response variables. In the case of landing approach, this 
performance index will generally include path, altitude, and 
control variables. Weightings are derived by first associating a 
maximum allowable value (or Vflimit'l) with each variable and then 
setting the corresponding cost coefficient equal to the square of 
the reciprocal of the limit. This scheme for selecting cost 
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coefficients has been used by Hess in his development of a 
handling qualities predictor,C93 and by this author in previous 
analytical studies of landing approach performance [18,281. 

A.4.2 Display-Related Parameters 

As implied by the preceding sections on display analysis and 
attention-sharing, a number of model parameters must be specified 
to quantify the ability of the pilot to obtain relevant 
information from the flight-control displays. Three parameters 
must be determined for each perceptual variable utilized by the 
pilot: an effective perceptual t'threshold9V, a "residual noiset', 
and the fraction of attention allocated to that variable. 

Two types of thresholds are considered: an "indifference 
threshold" that reflects subjective control requirements, and 
thresholds resulting from visual resolution limitations. In a 
landing approach task, indifference thresholds are typically 
associated only with outer-loop variables; for example, the pilot 

may decide not to attempt to reduce height error if his 
glide-slope indicator shows an error of less than l/4 "dot". 
Similarly, he might not attempt to reduce speed error if it is 
within a single calibration mark of the reference speed. 

In general, the pilot is assumed to obtain both displacement 
and rate information from a display 
display element that provides 
displacement from a reference, the 
may be computed as 

D ao 
a = E 57.3 

indicator. For a symbolic 
a cue proportional to its 
resolution-related threshold 

(A-9 > 

where 'IaIr is the threshold in problem units, a0 is the perceptual 
threshold in visual units, D is the viewing distance, and G is the 
display gain relating display deflection (same units as D> to 
"errorI (problem units). Non-symbolic and discrete displays would 
require a modified treatment. 

67 



APPENDIX B 

QUESTIONNAIRE ADMINISTERED TO DOUGLAS AIRCRAFT TEST PILOTS 

Name Date Page 1 - 

QUESTIONNAIRE FOR DAC TEST PILOTS 

Introduction 
Douglas Aircraft Company and Bolt Beranek and Newman of 

Cambridge, Mass. are currently working on a joint project for 
NASA-LRC to develop techniques for predicting aircraft handling 
qualities. The data obtained in the DAC experiments of 1975 on 
longitudinal flying qualities will be used to develop and test 
these techniques. Because the proposed prediction schemes will be 
based on a quantitative pilot/vehicle model, it is important to 
obtain a precise and quantitative definition of the flight task, 
particularly with regard to the pilot's expectations in performing 
the landing approach. Your co-operation in answering this 
questionnaire -- designed to elicit this information -- will be 
appreciated. 

It is assumed that your ratings were based on the so-called 
"Cooper-Harper" rating scale, or a scale similar to that one. 
Ratings l-3 correspond to your ability to achieve lfdesiredfl 
performance with negligible to minimal pilot compensation (i.e., 
workload). Ratings 4-6 reflect situations ranging from desired 
performance with moderate compensation to adequate performance 
with extensive compensation. Ratings 7-9 correspond to situations 
where control is maintained but adequate performance is not 
achieved, even with considerable compensation. A rating of 10 
reflects loss of control. 

Question 1 
It is assumed that lateral-directional handling qualities 

were quite satisfactory and that your pilot ratings were 
influenced primarily by longitudinal handling characteristics. 
Is this assumption valid? Yes No 
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Name _.---.-_- 

Question 2 

Date Page 2 

The first phase of the approach was flown by panel 
instruments, the second phase via a simulated real-world display. 
Which phase was, in general, more important in determining your 
rating? 
Phase 1 (instruments) Phase 2 (real-world) 

Question 3 
Please identify aspects of the approach task (e.g., 

glide-slope capture, regulating against turbulence) that were 
important factors in determining your ratings. Also identify any 
self-imposed tasks that you would generally perform in the process 
of evaluating longitudinal-axis capabilities during final approach 
(e.g., rapid acquisition of a new pitch attitude, intentional 
deviation from and recapture of the beam). List the more 
important tasks first. 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 
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Name 

Question 4 

Date Page 3 

The objective of this question is to determine your 
expectations of pilot/vehicle performance as quantitatively as 
possible for the subtasks defined above in Question 3. On the 
following pages, please list the "desirable" and "adequateI levels 
of response for variables that you consider to be important. When 
applicable, and wherever possible, try to specify values for 
variables relating to height error, sinkrate or path angle, 
attitude (displacement and/or rate), airspeed error, and control 
(displacement, force, and/or rates of change of these variables). 

BY lfadequatelf performance is meant the performance level that 
is barely acceptable (i.e., the boundary between a pilot rating of 
6 and a rating of 71, whereas "desired" performance corresponds to 
a rating of 1. 

This question is intended strictly to determine the 
performance aspects of what determines a pilot rating. The 
workload aspects are hopefully obtainable from the commentary that 
was obtained at the time of the evaluation experiments. 

The variables YOU choose to quantify, and the way in which 
you choose to describe lldesirablell and lfadequatell performance 
levels, will depend on the particular subtask. For example, if 
YOU are considering glide-slope tracking, YOU might specify 
adequate height regulation as maintaining the aircraft within plus 
or minus 50 feet of the desired glide path 90% of the time. 
"DesiredVf performance might be maintaining the same bounds 99% of 
the time, or maintaining some tighter bound 90% of the time. 
Alternatively, you might specify the maintenance of a certain rms 
deviation about the desired glide path. (Note: these numbers are 
given only by way of exemplifying the method and are not intended 
to. influence your specification of desired and adequate 
performance levels.) 

Performance specifications for a transient maneuver would be 
expressed differently. For example, if you are considerfng the 
task of acquiring a new pitch attitude, you might specify adequate 
performance as accomplishing 90% of the maneuver in lftlf seconds, 
and/or accomplishing the maneuver with less than 1fx11 percent pitch 
overshoot using normal piloting procedure. 

Be sure to specify the units for each variable (e.g., whether 
height error is in terms of feet, angular deviation from the glide 
path, or dots on the glideslope display). Please use a separate 
answer sheet for each subtask (defined in Question 3) for which 
you can define desired and adequate performance levels. 
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e Name Date Page 
ANSWER SHEET FOR QUESTION 4: 

DESIRABLE AND ADEQUATE PERFORMANCE LEVELS 

Subtask 

Give the units, "desired" performance level, and 
performance 

"adequate" 
level for each important response variable. Use 

additional answer sheets for this subtask if necessary. 
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